ABSTRACT This study was carried out to investigate the protective effects of leonurine hydrochloride (LH, from Leonurus sibiricus) on lipopolysaccharide (LPS)-stimulated broiler chicks. A total of 120 oneday-old male Ross broilers were randomly divided into 4 treatment groups with 6 replicates of 5 birds per cage. The experiment was designed as a 2 × 2 factorial arrangement with LH (0 or 120 mg/kg) and LPS (injection of saline or 1.5 mg/kg body weight) levels as treatments. On days 14, 16, 18, and 20 of the trial, broilers were intraperitoneally injected with LPS or saline. Blood, spleen, and liver samples were collected on days 21 and 28 for analysis. The results showed that dietary LH had no effect on growth performance or immunoglobulin concentrations in the serum. However, dietary LH prevented LPS-induced reductions in average daily gain and average daily feed intake in the broilers on days 15-21 of the trial (P > 0.05). Dietary LH supplementation dramatically attenuated the LPS-induced increases in the spleen index, reduced glutathione (GSH) activity (serum and liver) and total superoxide dismutase (T-SOD) activity (serum and spleen), and significantly reduced malondialdehyde (MDA) levels (serum, spleen, and liver) on days 21 and 28 (P < 0.05). Additionally, LH supplementation significantly mitigated the LPS-induced increases in the tumor necrosis factor (TNF)-α (serum and spleen), interleukin (IL)-1β (serum, spleen and liver), IL-2 (liver), IL-6 (serum, spleen and liver), toll-like receptor 4 (TLR4) (spleen and liver), and nuclear factor (NF)-κB (spleen and liver) levels on days 21 and 28 (P < 0.05). Therefore, this study revealed that LH could downregulate the expression of proinflammatory factors, mainly by inhibiting the expression of TLR4 and the activation of NF-κB. LH may be a potential feed additive with dual efficacy as an anti-inflammatory and antioxidant agent.
INTRODUCTION
In recent years, special attention has been paid to the damage caused by immunological and oxidative stress in livestock production. Immunological stress, also called exogenous immunostimulation, is the loss of immune homeostasis due to external forces. Immunological stress can be caused by many factors, such as pathogenic microorganisms, vaccine and drug abuse, trauma, transport, and environmental pollution (Yang et al., 2011; Li et al., 2015) . Under stress, feed intake and body weight gain decrease, which can threaten health status and impact production parameters, leading to greatly reduced efficiency and economic losses. Lipopolysaccharides (LPS) is widely used to induce immune and oxidative stress models, which are characterized by anorexia, fever, impaired growth performance, and increased proinflammatory cytokine production (Takahashi et al., 2008; Munyaka C et al., 2013) . Current data show that LPS, a membrane glycolipid that is produced by gram-negative bacteria, is an endotoxin that causes an acute inflammatory response and increased release of reactive oxygen species (ROS) in normal animals, as well as significant pathophysiologic changes (Gadde et al., 2017) . Thus, identifying an effective feed additive that could modulate the immune and antioxidant system to protect chicks from immunological stress is very important.
Herba leonuri (also known as motherwort), a member of the Labiatae family, subgenus Lindernia, is found in China, Japan, North Korea, India, and other Asian countries. Motherwort has been widely used for many years to treat various disorders, including cardiovascular, digestive, menstrual, and other gynecological disorders (Bensky and Gamble, 1993; Liu et al., 2010) . Recently, leonurine (C 14 H 21 N 3 O 5 ), a natural alkaloid compound of H. Leonuri, was extracted and confirmed to display vasodilatory, antioxidant, and antiinflammatory properties. Studies have demonstrated that leonurine increases cellular protection and reduces blood lipids under stress through its antioxidative and anti-inflammatory properties (Liu et al., 2010 ; Zhang et al., 2012) . Leonurine hydrochloride (LH) [3,5-dimethoxy-4-hydroxy-benzoic acid (4-guanidino)-1-butyl ester hydrochloride monohydrate; Figure 1 ] is a synthetic compound that is related to leonurine and was confirmed to alleviate LPS-induced acute kidney injury and mouse mastitis (Song et al., 2014; Xu et al., 2014) . Previous studies from our laboratory have demonstrated that supplementation with LH increases the serum levels of immunoglobulins and the activity of antioxidant enzymes, and reduces the serum levels of malondialdehyde (MDA) in broilers in a dose-dependent manner; the ideal dose of LH supplementation was 120 mg/kg. Dietary LH promoted immune function and antioxidant activity in vivo. Because inflammation and oxidative stress cause the pathophysiological features seen in many incurable diseases, drugs with anti-inflammatory and antioxidant effects are needed. Therefore, further studies are needed to determine whether LH may be a potential antioxidant and anti-inflammatory agent that can be used in new feed additive products. Recent studies have demonstrated that LH can attenuate the damage caused by oxidative stress and inflammation by inhibiting the toll-like receptor 4 (TLR4) and nuclear factor (NF)-κB signaling pathway and its downstream proinflammatory cytokine genes, ultimately protecting cells and tissue from damage (Liu et al., 2010; Liu et al., 2012) . However, to the best of our knowledge, there has been a little research on the antiinflammatory and antioxidant effects of dietary supplementation with LH on animals, and no such studies have been reported in broilers. The protective effects of LH on inflammatory responses on chickens are unclear. Based on previous studies, this study investigated whether dietary LH supplementation alleviates immunological and oxidative stress in broilers challenged with LPS and clarified the immune and antioxidant mechanisms. 
MATERIALS AND METHODS

Preparation of LH
Animals and Management
All experimental procedures complied with the regulations of the Animal Care and Use Committee of the College of Animal Science and Technology of Shihezi University.
A total of 120 one-day-old male Ross-308 broilers (average body weight 42.5 ± 0.3 g), obtained from a local commercial hatchery (Taikun Poultry Co., Xinjiang, People's Republic of China), were randomly distributed into 4 treatment groups containing 6 replicates of 5 birds. All birds were housed in a temperaturecontrolled room with continuous light and had access to feed and water ad libitum. The temperature was maintained at 32 to 35
• C during the first week, and then gradually reduced by 2 to 3
• C per week until the birds were 4 wk old. The relative humidity was set at 50% throughout the trial. All birds were inoculated with an inactivated infectious bursal disease vaccine on days 14 and 21 and with a Newcastle disease vaccine on days 7 and 28. The feeding experiment was carried out at Shihezi University and conducted in 3 phases, including a feeding period (days 1 to 14), LPS stress period (days 15 to 21), and recovery period (days 22 to 28). Antimicrobial and anticoccidial drugs were not added to the standard diet, which was formulated as per the National Research Council (NRC) (1994) to meet the nutritional requirements of broilers (Table 1) . The experiment was designed as a 2 × 2 factorial arrangement with LH treatments (supplementation with 0 or 120 mg/kg LH) and LPS treatments (injection of saline 9 g/L w/v) or LPS (1.5 mg/kg body weight). LPS was dissolved in sterile saline to generate a concentration of 500 mg/mL. On days 14, 16, 18, and 20 of the trial, the broilers received an intraperitoneal administration of LPS or an equal amount of saline.
Sample Collection and Procedures
On days 0, 21, and 28 of the experiment, randomly chosen birds from each treatment group were weighed after a 12 h feed withdrawal. The average daily feed intake (ADFI), average daily gain (ADG), and feed conversion ratio (FCR) were calculated by using the body weight and feed intake, which was recorded by replicates (cages) during different periods.
Blood samples were individually collected, with 3 to 5 mL of blood collected from the jugular vein in 10 mL tubes. After sitting for up to 30 min at room temperature, the samples were centrifuged at 1,788 g for 15 min at 4
• C to obtain the serum, which was then stored at −20
• C until further analysis. After collecting the blood, each bird's spleen, thymus, bursa, and liver were removed. Adhered tissue was removed from each organ and subsequently weighed. Relative organ weights were calculated as a percentage of the body weight [(organ weight/body weight) × 100]. Spleen and liver samples were stored at −80
• C until analyzed.
Assessment of the Antioxidant System
Approximately 1 g of chicken spleen or liver was homogenized with 9 mL of 0.9% sodium chloride buffer (w/v, 1:9) on ice, and then centrifuged at 1,000 g at 4
• C for 10 min to obtain the supernatant. The supernatant was stored at −80
• C until further analysis. Total superoxide dismutase (T-SOD) reduced glutathione (GSH) and malondialdehyde (MDA) activities in the supernatant of the spleen and liver homogenate were determined using commercially available assay kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) via an automated spectrophotometric analyzer (Cobas FARA II, Roche, Palo Alto, CA, USA). All procedures were performed per the manufacturer's instructions.
Immunological Tests
Serum immunoglobulin A (IgA), immunoglobulin G (IgG), immunoglobulin M (IgM), tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), and interleukin-6 (IL-6) concentrations were determined by using chicken-specific ELISA kits (BlueGene, Shanghai, P.R. China) according to the manufacturer's instructions. The serum parameter concentrations were calculated by comparing the optical density (OD) values of the standards to obtain a standard curve.
Real-Time Quantitative PCR Analysis
The mRNA concentrations of NF-κB, TLR4, TNF-α, IL-1β, IL-2, IL-6, and β-actin in the broilers' spleen and liver were quantified by quantitative real-time PCR. β-actin was used as a housekeeping gene to normalize the gene expression data. The primer information for all the genes is listed in Table 2 . All the gene primers were designed by using the chicken sequences from GenBank. Total RNA was obtained from the liver using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's protocol, and the RNA integrity was assessed via 1% agarose gel electrophoresis. The RNA concentrations and purity were determined from OD 260/280 readings (ratio >1.8) using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE) and adjusted to the same concentration. The RNA was reverse transcribed to cDNA by using a PrimeScript RT reagent kit (Takara, Shiga, Japan) according to the manufacturer's instructions. Real-time quantitative PCR was carried out in a 7500 Real-Time PCR system (Applied Biosystems, Foster City, CA, USA) using a SYBR Green PCR kit (Roche Diagnostics, Laval, Quebec, Canada) according to the manufacturer's instructions. All samples were analyzed in triplicate, and the results were expressed as 2 −ΔΔCT , according to a previously reported method (Livak and Schmittgen, 2001 ). Each cycle consisted of denaturation at 95
• C for 10 s, annealing at 95
• C for 5 s, and extension at 60
• C for 34 s. Each sample was measured in triplicate, and the average values were obtained.
Statistical Analyses
The data are presented as the mean values with a pooled standard error of the mean (SEM) and were subjected to one-way analysis of variance using the GLM procedure in SAS (version 8.02, SAS Institute Inc., Cary, NC). The data obtained for gene expression levels and serum parameters were analyzed using a 2 × 2 factorial arrangement with the main effects of dietary LH treatment and LPS challenge. The differences among treatments were evaluated by Duncan's multiple range tests. Probability values less than 0.05 were considered statistically significant.
RESULTS
Growth Performance
As shown in Table 3 , broiler chicks fed diets supplemented with LH exhibited no significant difference in growth performance before and after LPS challenge (days 1 to 14; days 22 to 28) (P > 0.05). When the broilers were challenged with LPS, the ADG and ADFI values of fed the LH diet were significantly higher than broilers fed the basal diet (P < 0.05), and significant interactions were found between LH and LPS for ADG and ADFI (P < 0.05). When fed the basal diet, broilers in the LPS-challenged group exhibited significantly decreased ADG and ADFI values (P < 0.05) compared with broilers in the saline-challenged group, but when fed the LH diet, ADG and ADFI did not significantly differ between the LPS and saline treatments (P > 0.05). This finding indicated that dietary supplementation with LH may alleviate the decline in ADG and ADFI caused by LPS injection. The interaction between LH and the LPS challenge was not significant (P > 0.05) for the FCR throughout the experiment.
Relative Immune Organ Weight
As shown in Table 4 , when the broilers were challenged with LPS, dietary supplementation with LH significantly reduced their spleen indices (P < 0.05) compared with the unsupplemented group. When fed the basal diet, the broilers in the LPS-challenged group exhibited an increased relative spleen weight (P < 0.05) compared with those treated with saline, but when fed with LH diet, the spleen indices (P > 0.05) did not significantly differ between the LPS treatment and saline treatment. No significant impact was found on the thymus or bursa index (P > 0.05) among broilers fed LH or challenged with LPS. An LH × LPS interaction was also noted for the spleen index (P < 0.05).
Effects of LH on the Serum Antioxidant Capacity of Broilers Challenged With LPS
The serum antioxidant capacity and lipid peroxidation data from the broilers are shown in Table 5 . On day 21, when the broilers were challenged with LPS, dietary supplementation with LH significantly reduced the MDA content but significantly increased (P < 0.05) the serum enzyme activities of GSH and T-SOD compared with the unsupplemented group. However, in the unchallenged group, no significant differences were found in MDA, GSH, or T-SOD contents between the supplemented and unsupplemented groups (P > 0.05). When fed the basal diet, the LPS-challenged groups exhibited an increased serum MDA content but decreased serum enzyme activities of GSH and T-SOD (P < 0.05) compared with the unchallenged group. However, dietary supplementation with LH significantly reduced (P < 0.05) the serum T-SOD content in the LPS-challenged group but had no effect on the MDA or GSH content compared with the unchallenged group (P > 0.05).
On day 28, dietary treatment with LH significantly reduced the serum MDA content but significantly increased (P < 0.05) the serum enzyme activities of T-SOD compared with those of the unsupplemented groups. The LPS-challenged group exhibited the decreased serum MDA content but the increased serum enzyme activity of T-SOD (P < 0.05) after dietary supplementation with LH compared with the unchallenged group. However, for broilers fed the basal diet, no significant differences were found in MDA, GSH, or T-SOD contents between the LPS and saline treatments (P > 0.05). In contrast, no significant differences in GSH were found among the treatments (P > 0.05).
Effects of LH on the Splenic Antioxidant Capacity of Broilers Challenged With LPS
The spleen antioxidant capacity and lipid peroxidation data from the broilers are shown in Table 6 . On day 21, when the broilers were challenged with LPS, dietary supplementation with LH significantly reduced the MDA content but significantly increased the enzyme activity of T-SOD compared with the unsupplemented group (P < 0.05), but in the unchallenged group, no significant differences in MDA, GSH, or T-SOD contents were found between the supplemented and unsupplemented groups (P > 0.05). When fed with the basal diet, the LPS-challenged groups exhibited the increased MDA content but the decreased enzyme activity of T-SOD in the spleen compared with the unchallenged group (P < 0.05). However, dietary supplementation with LH yielded no significant differences in the MDA or T-SOD content in the spleen between the LPS and saline treatments (P > 0.05). Dietary treatment with LH and the LPS challenge did not significantly (P > 0.05) impact the GSH enzymatic activity in the spleen. Furthermore, an LH × LPS interaction was found for the MDA content in the spleen (P < 0.05).
On day 28, when the broilers were challenged with LPS, dietary treatment with LH significantly reduced the MDA content in the spleen compared with the values in the unsupplemented group (P < 0.05). When fed with the basal diet, the LPS-challenged group exhibited the increased MDA content in the spleen compared with the unchallenged group (P < 0.05). Dietary LH treatment and LPS challenge did not significantly impact GSH or T-SOD in the spleen (P > 0.05).
Effects of LH on Liver Antioxidant Capacity of Broilers Challenged With LPS
The liver antioxidant capacity and lipid peroxidation data from the broilers are shown in Table 7 . On day 21, when the broilers were challenged with LPS, dietary supplementation with LH significantly reduced the MDA content but significantly increased the enzymatic activity of GSH in the liver compared with the unsupplemented group (P < 0.05). The birds in the LPS-challenged groups exhibited the increased MDA content in the liver compared with those of the unchallenged groups (P < 0.05). Dietary treatment with LH and the LPS challenge had no significant (P > 0.05) impact on the enzyme activity of T-SOD in the liver. On day 28, when the broilers were challenged with LPS, dietary treatment with LH significantly reduced the MDA content in the liver compared with that of the unsupplemented group (P < 0.05). When fed the basal diet, the LPS-challenged group exhibited the increased MDA content in the liver compared with that of the unchallenged group (P < 0.05). Dietary LH treatment and LPS challenge did not significantly impact GSH or T-SOD in the liver (P > 0.05). Furthermore, the interaction between LH and the LPS challenge did not affect these parameters in the liver throughout the experiment (P > 0.05).
Effects of LH on Serum Immunoglobulins and Cytokines in Broilers Challenged With LPS
Serum immunoglobulin (IgA, IgG, and IgM) and interleukin (IL-1β, IL-6, and TNF-α) data for the broilers are shown in Table 8 . On day 21, when the broilers were challenged with LPS, dietary supplementation with LH significantly reduced their cytokine content (P < 0.05), but immunoglobulin levels were unaffected (P > 0.05) compared with those in the unsupplemented group. When fed with the basal diet, chickens in the LPS-challenged group exhibited increased serum concentrations of IgA and cytokines, including IL-6, IL-1β, and TNF-α (P < 0.05), compared with the chickens treated with saline. However, when the diets were supplemented with LH, the LPS-challenged group significantly increased the serum concentrations of IgA (P < 0.05) but had no effect on other indices compared with the unchallenged group (P > 0.05). This finding suggested that dietary supplementation with LH can alleviate the increased inflammatory cytokine levels caused by LPS. Additionally, an LH × LPS interaction was found for serum cytokine levels (P < 0.05).
On day 28, after a week of recovery, dietary treatment with LH caused no significant differences in the above parameters among the 4 groups (P > 0.05), and no significant interaction was found between the 2 main factors (P > 0.05).
Splenic Gene Expression
On day 21, when the broilers were challenged with LPS, dietary supplementation with LH significantly reduced the mRNA expressions of NF-κB, TLR4, IL-1β, IL-6, and TNF-α compared with the unsupplemented group (P < 0.05, Figure 2) . When fed the basal diet, the broiler chicks in the LPS-challenged group exhibited increased mRNA expressions of NF-κB, TLR-4 IL-1β, IL-6, and TNF-α in the spleen compared with the unchallenged group (P < 0.05). However, for dietary supplementation with LH, the LPS-challenged group showed significantly increased mRNA expressions of NF-κB, IL-1β, IL-6, and TNF-α in the spleen compared with the unchallenged group (P < 0.05). Dietary treatment with LH and the LPS challenge did not significantly (P > 0.05) impact IL-2 mRNA expression in the spleen.
On day 28, when the broilers were challenged with LPS, dietary treatment with LH significantly reduced the mRNA expressions of NF-κB, TLR4, and IL-1β in the spleen compared with the unsupplemented group (P < 0.05). However, when fed the basal diet, the LPSchallenged group showed significantly increased mRNA expressions of NF-κB, TLR4, and IL-1β in the spleen compared with the unchallenged group (P < 0.05). Furthermore, dietary treatment with LH and the LPS challenge did not significantly impact the mRNA expressions of IL-2, IL-6, and TNF-α in the broiler chick spleens (P > 0.05).
Liver Gene Expression
On day 21, when the broilers were challenged with LPS, dietary supplementation with LH significantly reduced the mRNA expressions of NF-κB, TLR4, IL-1β, IL-2, and IL-6 in the liver compared with the unsupplemented group (P < 0.05, Figure 3) . When fed the basal diet, broiler chicks in the LPS-challenged group exhibited increased mRNA expressions of NF-κB, TLR-4 IL-1β, IL-2, and IL-6 compared with the unchallenged group (P < 0.05). However, after dietary supplementation with LH, the LPS-challenged group showed significantly increased mRNA expressions of NF-κB, IL-1β, IL-2, and IL-6 compared with the unchallenged group (P < 0.05). Dietary treatment with LH and the LPS challenge did not significantly impact the mRNA expression of TNF-α in the liver (P > 0.05).
On day 28, when the broilers were challenged with LPS, dietary treatment with LH significantly reduced the mRNA expressions of NF-κB and IL-6 in the liver compared with the unsupplemented group (P < 0.05). However, when fed with the basal diet, the LPS-challenged group showed significantly increased mRNA expressions of NF-κB and IL-6 compared with the unchallenged group (P < 0.05). Additionally, the relative mRNA expression levels of the remaining genes in the liver were similar among groups (P > 0.05).
DISCUSSION
This study was conducted to investigate whether dietary supplementation with LH influences the growth performance, lymphoid organ weight, blood parameters, inflammatory immune activities, and antioxidant capacity in the spleen and liver, and their functions during immunological and antioxidant stress induced by LPS injection. Our results demonstrated that chickens fed diets supplemented with LH exhibited no significant difference in growth performance at 15 d of age compared to chickens fed unsupplemented diets. To the best of our knowledge, some studies have reported the effect of dietary supplementation with L. sibiricus and its extract on the growth performance of animals, but no studies related to the effect of LH on the growth performance of animals have been published. Sun (2013) showed that broiler chickens fed diets with L. sibiricus exhibited no differences in the mean feed intake (FI), body weight gain (BWG), or FCR. In a previous study, Han et al. (2013) demonstrated that feeding rats different doses of L. sibiricus aqueous extract had no effect on body weight in the experimental group compared with the control group. Our study results showed that LPS challenge decreased ADG and ADFI, whereas there was no effect on the FCR of broilers at 21 d of age, which was consistent with previous studies and proved that we successfully constructed a stress model through the injection of LPS in broilers (Li et al., 2015; Zhang et al., 2016) . Stress reduced production performance, mainly due to the anorexia response via the control of the hypothalamic-pituitary-adrenal axis, and synchronously led to the partitioning of nutrients away from growth to support inflammatory-related processes in the chickens. The results indicated that dietary supplementation with LH significantly alleviated the LPSinduced declines in ADG and ADFI in broilers but had no impact on the growth performance of broilers without LPS challenge, which suggested that LH might be able to relieve the growth inhibition of chickens after pathogen challenge. The spleen is a secondary lymphoid organ and an initiating site for antibody production after antigenic stimulation (Pozo et al., 2009; Coble et al., 2011) . In the present study, an increase in relative spleen weight was found in the broiler chickens after LPS challenge, which was similar to the results reported by Wang et al. (2016) . The hypertrophied spleen observed in the LPS-challenged chicks may have occurred because the LPS-induced immune response increased proinflammatory cytokine production and simultaneously recruited inflammatory cells to the spleen, leading to compensatory splenic hyperplasia (Lin et al., 2007) . The decreased spleen size seen in LPS-challenged broilers after dietary supplementation with LH indicated that LH might be able to exert advantageous effects on homeostatic mechanisms associated with the splenic immune response.
Recent studies revealed that LPS can produce high levels of ROS and induce microglial activation, which disturbs the balance of lipid metabolism, producing a burden of MDA that leads to cell and tissue oxidative damage (Wu et al., 2015) . MDA levels are biomarkers for evaluating the degree of lipid peroxidation (Kotunia et al., 2004) . The burden of ROS production is largely eliminated by a complicated antioxidant defence system that includes nonenzymatic components and a sequence of antioxidant enzymes (Chen et al., 2009) . Several antioxidant enzymes, such as T-SOD and GSH, can scavenge free radicals. Previous studies suggested that LH has remarkable antioxidant and free-radicalscavenging activities (Zhang et al., 2012) . In the current study, the LPS-induced systemic inflammatory response was related to increased MDA levels, which indicate oxidative stress. The activities of T-SOD and GSH were markedly decreased in the serum, spleen, and liver of LPS-challenged broilers compared with the unchallenged group, but LH supplementation significantly alleviated the inhibitory effect of LPS. Our results showed that dietary supplementation with LH significantly increased the activity of antioxidant enzymes in the serum at 28 d, which may be related to its entry into the blood circulation after absorption and metabolism in chickens. The liver and spleen are the target organs for LPS, and the associated pathological state is caused primarily by oxidative stress. Therefore, during immune stress, it is necessary to enhance the antioxidant defence system in the body because the spleen and liver are major immune organs, and destroying the redox balance forces the development of similar changes in other internal organs. In the past decade, researchers have tried to find new feed additives by investigating natural sources, including plants or spices with antioxidant and antiinflammatory properties, to prevent and/or treat oxidative stress in livestock (Abu and Ibrahim, 2017; . LH demonstrated protective effects against H 2 O 2 -induced oxidative stress due to its free-radicalscavenging activity, which makes this compound a potential antioxidant (Liu et al., 2010) . Our study showed that the MDA contents in the liver and spleen were higher than those in the control group after LPS induction, indicating that the continuing negative impacts of oxidative stress on tissue organs recovered slowly. However, the addition of LH to the diet is beneficial for protecting tissues from LPS-induced lipid peroxidation, as evidenced by the reduced production of MDA. These results provide strong supporting evidence that LH confers antioxidant effects through the enhancement of the antioxidant defence system, which is another critical pathway that contributes to oxidative stress damage.
Changes in blood parameters reflect the changes in absorption and metabolism in the animal body. Immunoglobulins are a vital part of the body's immune system and play a major role in the regulation of inflammation. LPS is an endotoxin that is present in the cell wall of gram-negative bacteria, which could influence the concentrations of some immunoglobulins (Zhang et al., 2016) . IgA functions in defence against invading pathogens and participates in feedback mechanisms that maintain a balance between proinflammatory and anti-inflammatory activities. These experimental results showed that LPS induction increased serum IgA concentrations in broiler chickens; however, LH had no effect on serum immunoglobulins in broilers injected with LPS. These findings suggested that LH cannot alleviate the negative effects of immune stress by regulating the production of immunoglobulins.
The induction and secretion of proinflammatory cytokines are crucial for activating the innate host defence system and subsequently regulating the adaptive immune response. Such proinflammatory cytokines include IL-1β, IL-6, and TNF-α. In the current study, treatment with 1.5 mg/kg body weight (BW) LPS induced acute inflammation and resulted in increased contents of proinflammatory cytokines in the serum, indicating that this is a successful inflammation model, which is consistent with a previous report by Wang et al. (2016) . Consistent with our results, Wu et al. (2017) also found that LPS stimulation increased serum levels of IL-1β and IL-6 in broilers. The results also show that LH has the ability to modulate the in vivo secretion of IL-1β, IL-6, and TNF-α in LPS-challenged broilers but does not affect the normal health condition of the broilers. In the present study, the relative mRNA expression of cytokines in the spleen and liver of chicks was detected following treatment with LPS. As expected, the relative RNA expression levels of proinflammatory cytokines (IL-1β, IL-2, and IL-6) were markedly enhanced in chicks challenged with LPS, except for IL-2 in the spleen and TNF-α in the liver. The spleen serves as an immune organ, and its gene expression profile can monitor the body's immune response (Redmond et al., 2010) . Emerging evidence suggests that the production of ROS is usually associated with high levels of proinflammatory cytokines, whereas excess ROS can also promote the production of proinflammatory cytokines, resulting in a cycle of immunological and oxidative stress . Zhang et al. (2015) previously reported that LPS-challenge-induced spleen injury significantly increased IL-6 and TNF-α expressions in mice. In another report, the mRNA expression of IL-6 and TNF-α was remarkably increased after LPS stimulation in the spleens of young broiler chicks; this finding is consistent with our results, which also indicated that LPS elevated the expression of IL-6 and TNF-α in the spleen . The liver is the main metabolic organ and detoxification site of the body and plays an important role in the body's defence against bacteria and their toxic products, such as LPS (Yi et al., 2014) . Consistent with our results, Frank et al. (2003) found that LPS stimulation increased hepatic IL-1β and IL-6 mRNA levels. However, our results showed that the proinflammatory cytokine levels in the serum returned to normal, but the high levels in the spleen and liver continued throughout the recovery period until day 28, indicating that these organs recover more slowly after parenchymatous injury. TLR4 is known as the main pattern recognition receptor for LPS. Once LPS is recognized, TLR4 activates the signaling pathway downstream of NF-κB while upregulating proinflammatory cytokines, including IL-1β, IL-6, TNF-α, and IL-2 (Takeuchi et al., 1999) . In our study, we observed that LPS challenge increased the mRNA levels of TLR4 and NF-κB in the spleen and liver, indicating that the LPS injection activated the NF-κB and TLR4 pathway. However, this phenomenon is reversed by LH. In this study, we found that LPS challenge could upregulate the expression of NF-κB, TLR4, and proinflammatory cytokines, but supplementation with LH inhibited this effect and recovered the physiological balance. IL-1β, IL-6, and TNF-α are target genes of NF-κB (Gloire et al., 2006) . Similarly, in a study using a rat mastitis model, Song et al. (2014) found that pretreatment with LH alleviated E. coli LPS-induced histopathological changes and downregulated proinflammatory cytokine expression by inhibiting activation of the NF-κB signaling pathway. Mechanistically, our results suggest that LH protects against immunological and oxidative stress by modulating LPS-mediated TLR4 and NF-κB signaling.
In summary, our results demonstrated that dietary LH supplementation alleviated the growth performance impairment caused by E. coli LPS and exerted protective effects on the antioxidative and immunologic functions in broilers under LPS stress by reducing the expression of proinflammatory cytokine genes and increasing antioxidant enzymatic activities. The mechanisms that underlie this effect may involve the inhibition of TLR4 and NF-κB expression. These results indicate that LH has anti-inflammatory and antioxidant effects in LPS-induced broilers, although further comprehensive studies are still required. LH may be a potential feed additive with dual efficacy as an antiinflammatory and antioxidant agent.
